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SUMMARY 
Tests were made on a model of a wing designed for a cruise Mach number of 
3. The wing had a leading-edge sweep of 75O and was twisted and cambered to 
produce a maximum lift-drag ratio at a design lift coefficient of 0.1. The 
tests were conducted at a Mach number of 3.01 and Reynolds numbers based on the 
mean aerodynamic chord of 10.9 X lo6, 20.4 X lo6, and 38.9 X lo6. 
The maximum lift-drag ratio of the wing increased with increasing Reynolds 
number but was considerably below the values predicted by linear theory. These 
low values of maximum lift-drag ratio resulted from the fact that the drag-due- 
to-lift values were larger than the theoretical values and that the minimum drag 
coefficient, although lower than the theoretical value, occurred at a low value 
of the lift coefficient. The large values of the drag due to lift seemed to be 
caused by partial separation of the flow on the upper surface of the wing, which 
was due to the presence of supercritical flow in this region. 
INTRODUCTION 
Interest in the design of an aircraft configuration to cruise efficiently 
at Mach 3 for long distances has led to the investigation of wing planforms with 
highly swept subsonic leading edges. 
twist would provide a further reduction in the drag due to lift. 
Linear theory indicated that camber and 
(See ref. 1. ) 
A series of wings based on these concepts was designed at the Langley 
Research Center. 
lift characteristics of arrow wings with camber and twist, a wing designed for 
CL = 0.1 at Mach 3 was tested at Reynolds numbers from 1 X 106 to 8 X 106, 
based on the mean aerodynamic chord, at a Mach number of about 2.9 (refs. 2 
and 3 ) .  
series are presented in reference 4, and a summary of the general supersonic 
wing program is presented in reference 5. 
As part of a general program to investigate the drag-due-to 
Results of additional tests on improved versions of wings of this 
The purpose of the  tests reported herein w a s  t o  extend the  t e s t  Reynolds 
A l l  number range of the wing investigated i n  references 2 and 3 t o  39 X 106. 
t e s t s  reported herein were made a t  a Mach number of 3.01. 
SYMBOLS 
drag coeff ic ient ,  Drag/qS 
minimum drag coeff ic ient  
wave drag coeff ic ient ,  due t o  thickness 
lift coeff ic ient ,  Lift/qS 
l i f t -curve  slope, per degree 
pitching-moment coeff ic ient ,  Pitching moment/qSE 
mean aerodynamic chord 
drag-due- t o - l i f t  parameter, dCD/dCL2 
l i f t -d rag  r a t i o  
m a x i m  l i f t -d rag  r a t i o  
Mach number 
s t a t i c  pressure, lb/sq f t  
dynamic pressure, - ypM2, lb/sq f t  
Reynolds number based on the mean aerodynamic chord 
wing area, sq  f t  
upper-surface ordinate measured normal t o  wing reference plane 
2 
( f ig .  2), in.  
lower-surface ordinate measured normal t o  wing reference plane 
( f i g .  2), in .  
2 
I 
- .__. 
angle of attack, deg 
r a t i o  of spec i f ic  heats 
distance along wing leading edge from leading-edge apex ( f i g .  2) ,  in .  
distance from wing leading edge measured normal t o  leading edge 
( f ig .  2) ,  in. 
Tunnel and Balance 
The t e s t s  were made i n  a 12- by 12.5-inch blowdown j e t  a t  t he  Langley 
Research Center. The nozzle w a s  designed f o r  M = 3.12, and the  ca l ibra t ion  
gave a value of tes t - sec t ion  Mach number of 3.01 k 0.02. Dry a i r  w a s  supplied 
t o  the s e t t l i n g  chamber a t  a temperature of looo F and a t  a pressure necessary 
t o  obtain the  desired Reynolds number. The tunnel exhausted t o  the atmosphere. 
W a l l  mounting w a s  used f o r  the  semispan model ( f i g .  1). The boundary-layer 
displacement thickness on the nozzle surface i n  which the wing w a s  mounted w a s  
calculated t o  be 0.4 inch about 6 inches upstream of the wing apex. The bound- 
a ry  layer  w a s  removed from t h i s  surface with a 1.5-inch-high scoop t h a t  spanned 
the t e s t  section 5 inches ahead of the model. W a l l  suction w a s  provided i n  the  
scoop t o  prevent choking of the  scoop passage due t o  shock-induced separation. 
In order t o  determine the  e f f ec t  of t h e  scoop on the  flow i n  the t e s t  region, 
schl ieren photographs were taken of the f l o w  with t h e  t e s t  section empty and a 
total-pressure survey of t he  t e s t  region w a s  made. N o  disturbances were found 
i n  t he  region of the wing. 
The balance used t o  measure the normal and chord forces and the pitching 
and ro l l i ng  moments on the wing w a s  of the external,  four-component, s t ra in-  
gage type. The model w a s  supported on the balance by a tang, i n t eg ra l  with the  
model, t ha t  projected through the  sidewall. A clearance of about 0.005 inch 
surrounded t h i s  projection a t  the  tunnel w a l l  and means were provided t o  de tec t  
fouling during the runs. The box which housed the  balance w a s  sealed and evac- 
uated t o  approximately stream s t a t i c  pressure during the  run i n  order t o  prevent 
excessive leakage across the  tunnel-wall surface. 
The angle of a t tack  w a s  determined with an op t i ca l  system which employed 
a s m a l l  mirror imbedded i n  the wing surface t o  r e f l e c t  a l i g h t  beam onto 
recording f i l m .  
Model 
A sketch of t he  model t e s t ed  i s  given i n  f igure  2 and the  ordinates a re  
given i n  t ab le  I. 
horizontal  reference plane i n  f igure 2, sect ion B-B, i s  p a r a l l e l  t o  t he  
Pertinent data  about the  model a re  given i n  t ab le  11. The 
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direct ion of t he  chord force measured by the balance. The angle of t h i s  refer-  
ence plane r e l a t ive  t o  the direct ion of the tes t -sect ion flow is  the angle of 
a t tack  of the model. The reference plane of section A-A i n  f igure 2 i s  normal 
t o  the leading edge. For t h i s  wing the maximum thickness d is t r ibu t ion  as  a 
function of distance along the  leading edge i s  the same as  tha t  of the thick, 
cambered, twisted wing i n  reference 2, and the wing alone of reference 3. 
A wing s imilar  t o  the cambered arrow-type wing presented i n  reference 1 i s  
used i n  t h i s  investigation. According t o  the l i n e a r  theory of reference 1, the 
use of large sweepback with subsonic leading edges should produce large reduc- 
t ions i n  drag due t o  l i f t  and wave drag due t o  thickness. The wing i s  a l so  
cambered and twisted t o  produce a design l i f t  coeff ic ient  of 0.1 at  Mach.3 by 
using the superposition method of references 6 and 7 and imposing the condition 
t h a t  drag due t o  l i f t  be a minimum f o r  the planform. A 6 3 ~  thickness dis t r ibu-  
t i on  based on the mean camber l i n e  normal t o  the  leading edge w a s  used t o  deter-  
mine the surface ordinate. Volume requirements for  the design of a long-range 
bomber determined the overa l l  thickness of the wing. 
TESTS AND ACCURACIES 
The t e s t s  were conducted a t  a Mach number of 3 and Reynolds numbers based 
on the mean aerodynamic chord of 10.9 X lo6, 20.4 X lo6, and 38.9 X lo6. 
angle-of-attack range was from -8' t o  2' (qL=o = -6") except at  a Reynolds 
6 number of 38.9 X 10 , where the loads on the model above 
l i m i t s  of the balance. 
The 
a = -4' exceeded the 
The model was tes ted  with both f r ee  and fixed t r ans i t i on  a t  each Reynolds 
The fixed t r ans i t i on  s t r i p  was about 1/8 inch wide and was located a t  number. 
approximately 7L percent of t he  loca l  chord back from the leading edge on both 2 
lower and upper surfaces. The s t r i p  was composed of aluminum oxide pa r t i c l e s  
0.003 t o  0.003 inch i n  diameter; t h i s  s ize  was determined from reference 8 as  
suf f ic ien t  t o  cause t r ans i t i on  f o r  the t e s t  conditions. 
Flow on the upper surface of the model w a s  v i sua l ly  determined by using a 
fluorescent dye mixed with o i l  painted on the surface and excited with u l t r a -  
v io le t  f l a sh  lamps. Photographs of the flow on the upper surface of the wing 
using t h i s  technique a re  shown i n  f igure 3. 
The accuracies of the measurements, based on cal ibrat ion of the  nozzle 
and the balance and angle-of-attack indicator, were determined t o  be as follows: 
M . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  kO.02 
CL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  kO.002 
L/D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  kO. 2 
CD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . k o . o o o ~  
Cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +0.002 
a, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ?0.05 
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Rolling moment was recorded only t o  correct  f o r  interact ion forces i n  the 
balance. 
SUMMARY OF BESULTS 
The aerodynamic charac te r i s t ics  of t he  wing are  given i n  f igure 4, where 
CD, L/D, a, and Cm a re  plot ted a s  functions of CL f o r  various Reynolds 
numbers. Differences between the data f o r  f r e e  t r ans i t i on  and the data  f o r  
fixed t rans i t ion  a re  small. 
The high l i f t -d rag  r a t io s  predicted by theory were not attained. The 
curves of CD as a function of CL indicate  the reason f o r  t h i s  behavior. The 
var ia t ion of CD with CL i s  similar t o  that predicted by theory and the mini- 
mum value of CD i s  well below the  theore t ica l  value a t  a l l  Reynolds numbers. 
However, the rapid r i s e  of CD a t  t he  higher values of CL causes the  curves 
of L/D t o  peak a t  much lower values of CL than expected. The var ia t ion of 
CD with CL* i s  shown i n  f igure 5 f o r  two Reynolds numbers and the slopes K 
of these curves are  indicated a t  design CL. The values of K from 0.83 t o  
0.86'are much higher than the theore t ica l  value of f o r  t h i s  wing. 
Similar r e su l t s  reported a t  lower Reynolds numbers ( r e f s .  2 and 3 )  were a t t r i b -  
uted t o  separation on the upper surface of the wing. This separation i s  
believed t o  r e su l t  from the interact ion of the  boundary layer  and the shock 
waves due t o  supercr i t ica l  flow over the upper surface of the model. The o i l -  
f i l m  photographs i n  f igure 3, taken a t  a Reynolds number of 20.4 X 106 and a t  a 
l i f t  coeff ic ient  of 0.1, show t h i s  condition t o  be t rue  a t  the higher Reynolds 
numbers of the present t e s t s .  The low values of the l i f t -curve  slope 
K = 0.48 
of 0.0254, are  caused cLa = 0.0167, compared with a theore t ica l  value of 
by t h i s  loss  of l i f t  due t o  shock-induced separation on the upper surface. 
(See f i g .  4 . )  
c% 
The var ia t ion of the maximum values of L/D with Reynolds number i s  shown 
i n  f igure 6. 
values f o r  natural  t r ans i t i on  reported i n  reference 3 but a re  much lower than 
the values predicted by l i n e a r  theory. 
scale Reynolds number of 100 X 106 gives a value of 
pared with the theore t ica l  value of about 9.9. 
The values obtained i n  the present t e s t s  agree well with the 
Extrapolation of the data t o  the  full-  
(L/D)- of about 8 com- 
Figure 7 shows the  var ia t ion of C D , ~ ~  with Reynolds number. The values 
obtained i n  these t e s t s  decrease with increasing Reynolds number as 
The d i f -  
of C D , ~ ~  
expected but a r e  much lower than the  values computed by using skin-fr ic t ion 
coeff ic ients  based on the  data  obtained by Sommer and Short ( r e f .  9). 
ferences may be due somewhat t o  the theore t ica l  value of t h e  wave-drag coeffi-  
c ient  f o r  the wing used i n  the present investigation; however, since the  theo- 
r e t i c a l  value of CD,w i s  only 0.0025, some of the var ia t ion must be due t o  
a low skin-fr ic t ion drag a t  the higher Reynolds numbers. 
5 
. 
CONCLUDING REMARKS 
Results of force tests on a cambered, twisted wing at a Mach number of 3 
and Reynolds numbers of 10.9 X 10 6 , 20.4 X lo6, and 38.9 X lo6 are compared with 
results from similar investigations made at lower Reynolds numbers. Minimum 
drag coefficients were lower than the theoretical predictions at the high 
Reynolds numbers of the present tests, but the minimum values occurred at much 
lower values of the lift coefficient than predicted by theory. This fact, and 
the fact that the values of drag due to lift were higher than those predicted by 
theory, resulted in much lower values of maximum lift-drag ratio than expected. 
Oil-film studies indicated that this loss  of efficiency of the wing was due in 
part to separation of the flow on the upper surface of the wing. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hampton, Va., May 7, 1965. 
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TABLE I. - WING ORDINATES 
u, in. zw in. 
~ 
zz, in. 
~~ 
0 
* 0055 
.0164 
0273 - 0551 
,0834 
.1124 
.1413 - 1707 
.2002 
* 2307 
.2612 
* 2923 
0 1.1072 
0.4178 
4396 
* 4794 
* 5149 
-5519 
* 5879 
.6218 
.6594 
* 6992 - 7450 - 7990 
.8710 
.4609 
1.1072 
. .  
. .~ 
0.4178 
.4063 
.bo80 
.4112 
.4227 - 4374 
* 4559 
* 4756 
.4984 - 5258 - 5579 
5994 - 6572 
p = 2.1816 in. 
0 
.0109 
.0218 
.no7 
-1385 
* 1953 
.2242 
-2531 
.3114 
* 3709 
.bo03 
-4309 
.4914 
* 5847 
.0436 - 0551 
0.2160 
.2487 
.2662 
.2896 
* 3027 
* 3496 
* 3703 
.4058 
.4227 
,4385 
.4680 
-4969 
.5110 
.5454 
5704 
.5241 
0.2160 
.2023 
.2007 
.2029 
.2045 
.2111 
.2149 
.2274 
.2405 
.2487 
.2231 
.2312 
-2536 
.2580 
.2656 - 2705 
0 
.0164 
* 0327 
.Ob91 
.a24 
-1238 
.2078 - 2503 
* 3796 
.4674 
* 5558 
.6010 
.6916 
a7374 
.7832 
.8301 
* 8770 
.4232 
0.0987 
.1402 
.1593 
.1734 - 1991 
,2231 
.2634 
9 2787 
* 3169 - 3267 - 3365 
3491 
* 3518 - 3458 
* 3332 
.3142 
.2858 
* 2536 
0.0987 
.0840 
.0802 
- 0785 
.0764 
* 0736 
.0682 
.0605 
* 0589 
.0562 
.0660 
.Oh91 
.Ob36 
* 0235 
.0038 
- .0562 
- .0235 
- .0927 
p = 4.3632 in. 
0 
.0218 
.0436 - 0873 
.lo96 
* 1653 - 2771 
' 3338 
* 3911 
5056 
.5644 
.7412 
.6228 
.8012 
-9834 
-9223 
1.1066 
1.1688 
0.0453 
.0867 
* 1053 - 1.331. 
.1445 
.1663 
.1953 
.2056 
.2143 
.2225 
.2253 
.2258 
.2214 
.2165 
- 1947 
.1756 
.lo20 
.Ob31 
0.0453 
.0251 
.0185 
.0071 
.0027 
- .0071 
- .0251 
- .0349 
- .Ob47 
- .0649 
- * 0753 
- .0851 
- .lo74 
- .1194 
- .1522 
- .1756 
- .3136 
- .2552 
p = 5.4540 in. 
0 
* 0273 - 0545 
.a24 
'1374 
.2067 - 2765 
,4172 
.4887 
-5607 
7052 - 7788 
,8525 
1.0766 
1 * 3057 
1.4611 
1.0014 
1.1524 
0.0295 
0731 
.0911 
.lo42 
.1249 
.1418 
.1522 
.1560 
-1533 
.1489 
.1353 
.1244 
.1118 
.0813 
.0627 
.Ob09 
- .olgl 
- 
0.0295 
.0049 
- .0044 
- .0125 
- -633 
- .1189 
- .1380 
- * 1773 
- .1963 
- .2165 
- .2569 
- .2782 
- .3000 
- * 3545 
- -0273 
- .0453 
- .lo04 
- .4390 
p = 6.5448 in. 
0 
- 0327 
.0654 
.0982 
.1314 
.2482 
- 3316 - 5007 
.5863 
* 6725 
* 9343 
1.0226 
1.2015 
1.2921 
L .3826 
1 - 6597 
1.7535 
.8465 
0.0349 
.0818 
.io25 
.1162 
.1254 
.1434 
.1423 
.12@ 
.1124 
* 0965 
.0567 - 0355 
.0104 
- .Ob74 
- .0796 
- .1151 
- .2329 
- .2749 
0.0349 
.0109 
- .0005 
- .0093 
- .0180 
- .0545 
- .0840 
- .1418 
- .1713 
- .2002 
- -2552 
- .2836 
- .312o 
- .3671 
- - 3949 
- .5345 
- .4232 
- .5072 
8 
U, in. zu, in. zz, in. u, in. zu, in. z2, in. 
TABLE I.- WING ORDINATES - Continued 
0, in. I zu, in. I z2, in. 
: 7.6356 in. 11.9988 in. p = 9.8172 P P n. 
0.0118 
- .0171 
- .0296 
- .Ob11 
- .0645 
- .0962 
- .1343 
- .1763 
- .2222 
- .2712 
- .3236 
- .4360 
- .4932 
- -5952 
- .6716 
- .6988 
- .7196 
- .7152 
- .7217 
- .;lo97 
0 
.0382 
.1151 
- 1538 
.1920 
* 3872 
-6839 
* 9877 
.0764 
.4854 
.7848 
1.0903 
1.1552 
1.4022 
1 * 5075 
1.7207 
1.9367 
2.0458 
0.0348 
.0860 
- 1095 
.1231 
-1335 
.I406 
.1438 
e 1 3 1 3  
.0849 
' .0566 
- .0121 
- .0481 
- .0874 
- .1714 
- .3045 
- .2156 
- * 3934 
- .4359 
0 
.Oh91 
.1478 
.2471 - 3720 
.4974 
.6239 
.7516 
-8797 
1.0090 
1.2697 
1.6678 
1.9384 
2.0747 
2.2121 
2 * 3507 
2.4903 
.0982 
1.4017 
2.6305 
0.0118 
.0756 
.io29 
.1214 
.1449 
.1514 
-1427 
.1204 
.0904 
.0489 
- .0040 
- .1360 
- .2085 
- * 3590 
- .4992 
- -5592 
- .6094 
- .6497 
- .6814 
- .765 
-0.0563 
.0217 
.0528 
.0741 
.0894 
- 0992 
.io68 
0932 
.0643 
.0206 
- -0377 
- .io92 
- -1975 
- .2962 
- .5122 
- .8160 
- .8307 
- .bo37 
- .6240 
- .7314 
-0.0563 
- .1168 
- .1288 
- .0917 
- .lo43 
- -1419 
- 1757 - -2155 
- .e386 
- * 3055 
- .3540 
- .4064 
- .4642 
- .5259 
- .5913 - .6578 
- .7249 
- -7855 
- .8247 
- .a318 
0.0348 
.0091 
- .0012 
- . 0100 
- .0198 
- .0296 
- .0918 
- .1289 
- .eo58 
- .3601 
- .3961 
- .4943 
- .2450 
- -3225 
- .4654 
- .5461 
- .5941 
- .6164 
0 
.0600 
.1205 
.1805 
.3022 
-4543 
.6081 
* 7625 - 9185 
1 * 3919 
1 - 5517 
1.7131 
1.8751 
2.0387 
2.2029 
2.3687 
.2411 
1.0750 
1.2331 
2.4003 D = 8.7264 in. 
0.0291 
* 0875 - 1093 
.1262 
-1387 
.1311 
.678 
.o258 
- .0211 
- .0718 
- .1814 
- .2921 
- ! 5479 
.I469 
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1.5926 
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TABLE I1 . . THEORETICAL PARAMETERS O F  CAMBERED TWISTED WING 
Design Mach number . . . . . . . . . . . . . .  
Area. s q f t  . . . . . . . . . . . . . . . . .  
Root chord. f t  . . . . . . . . . . . . . . . .  
Length. f t  . . . . . . . . . . . . . . . . .  
Aspect r a t i o  . . . . . . . . . . . . . . . . .  
Sweep. deg . . . . . . . . . . . . . . . . . .  
Semispan. f t  . . . . . . . . . . . . . . . . .  
Mean aerodynamic chord: 
Lateral location. distance from center l ine.  
Center of pressure. distance behind apex. f t  . 
Aerodynamic center. distance behind apex. f t  . 
Lift-curve slope. per deg . . . . . . . . . .  
Skin-friction coeff ic ient  f o r  R = lo7 . . . .  
. . . . . . . . . . . .  . . . . . . . . . . . .  
. . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  
. . . . . . . . . . . .  
f t  . . . . . . . . . .  . . . . . . . . . . . .  
. . . . . . . . . . . .  . . . . . . . . . . . .  
. . . . . . . . . . . .  
3 
1.79 
75 
0.23 
0.45 
0 . €35 
0.619 
0.179 
0.872 
1.01 
0.025 36 
0.0062 
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Figure 2.- Schematic drawing of model, showing coordinate system used. 
All dimensions are in inches. 
(a) Fixed transition; CL = 0.1; R = 20.4 X lo6. 
Figure 3.- Flow on upper surface of wing using oil-film dye technique. 
L- 65- 121 
(b) Free transition; CL = 0.1; R = 20.4 X lo6. 
Figure 3.- Concluded. 
L- 65- 122 
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(a) Reynolds number of 10.9 X lo6; free transit ion. 
Figure 4.- Aerodynamic characteristics of wing. 
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(b) Reynolds number of 10.9 X lo6; fixed transition. 
Figure 4.- Continued. 
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(c) Reynolds number of 20.4 X lo6; free transit ion. 
Figure 4.- Continued. 
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(d) Reynolds number of : .4 X lo6; fixed transition. 
Figure 4.- Continued. 
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Figure 4.- Concluded. 
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Figure 5.- Variation of drag due to l ift. 
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Figure 6.- Var iat ion of maximum lift-drag rat io w i th  Reynolds number. 
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Figure 7.- Variation of min imum drag coefficient w i th  Reynolds number. 
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